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species (1) (2) (3) (4) in seawater. CDOM absorbs much of the ultraviolet and near ultraviolet radiation penetrating the ocean, and in some oceanic regimes CDOM absorption in the visible may substantially reduce the penetration of photosynthetically available radiation, thereby limiting primary production (5) . Photochemical transformation of CDOM destroys recalcitrant organic carbon and leads to the production of low molecular weight organic compounds that act as substrates for microbial production (6, 7) . Photochemical transformation of CDOM also leads to the production of reactive oxygen species that oxidize iron, copper and other trace metals, affecting their cycling and biological availability (8) .
The sources of marine CDOM are not well known or understood. Degradation of higher plant carbon in soil yields humic substances, structurally complex macromolecular organic matter rich in aromatic and carboxylic acid functional groups, both of which absorb strongly in the ultraviolet (9) . Rivers supply a significant amount of humic substances leached from soils and decomposing terrestrial organic matter to the coastal ocean (10). Comparisons between the chemical composition, stable and radioisotopes, and optical properties of freshwater and coastal CDOM show similarities between these two envirorunents, and terrestrial organic matter is thought to be the major source of CDOM in the coastal zone. However, terrestrial humic substances are rapidly removed from seawater by photobleaching, and do not supply a significant amount of CDOM to the open ocean. (11) In highly productive coastal regions and throughout most of the global ocean, insitu biological production is the major source of CDOM. At some open ocean sites, CDOM fluctuates on seasonal cycles that can be coupled to cycles of marine organic matter production and remineralization (12, 13) . CDOM concentrations are high in the chlorophyll maxima of the Arabian Sea and were correlated with the upwelling of colder, nutrient rich subsurface water, consistent with a source related to biological activity (14) .
Likewise, in situ measurements of CDOM absorption at 412 nm were positively correlated with oxygen super saturation and Chlorophyll-a absorption at a highly productive'coastal site, suggesting rapid in situ production of CDOM associated with primary production (15) . However, few discrete components of CDOM have been reported. Excitation-emission matrix spectroscopy has identified the presence distinct excitation maxima at 275rnm, 312 nm and 398 nm that are attributed to proteins, marine humic substances and chlorophyll (16, 17) . Proteins, amino acids, marine humic substances and chlorophyll have all been identified in the dissolved or colloidal phase, but together account for only a small fraction of CDOM absorption at open ocean sites.
Several studies have used absorption and fluorescence spectroscopy in combination with capillary gel electrophoresis and high-pressure liquid chromatography (HPLC) to further characterize CDOM. Marine CDOM extracted from seawater by adsorption onto hydrophobic resin has been separated by reverse phase HPLC (18) into different fractions that display different fluorescence spectra with multiple maxima between 300-600nm (k•e, 300-450 nm)(19). Separation by gradient elution HPLC showed improved resolution of a very complex mixture of CDOM components, but most components remained unresolved. Using HPLC, marine CDOM appears as a complex mixture of > 30 discrete components superimposed on a broad, featureless baseline.
Fluorescence bands observed in the total CDOM extracts could be chromatographically separated into different fractions, and distinct CDOM components were isolated from marine and fresh waters, suggesting compositional differences for at least some CDOM components in different environments (20).
The goals of this project were to chemically characterize biologically produced CDOM components, to characterize CDOM in laboratory algal cultures, and to develop techniques for studying CDOM cycling in seawater. Specifically, we compared the chemical characteristics of freshwater and marine CDOM in the Mississippi River All samples were filtered to remove bacteria and small particles. Samples were pumped through cleaned (10% HC1) 0.2 pm filter cartridges or two stage (0.7 and 0.2 ptm, Criticap, Gelman Corp.) polysulfone membrane cartridges into 200 L fluorinated HDPE containers. Subsamples were collected for total DOC analysis. After filtration, the samples were acidified to pH 3 with either glacial acetic acid (Acros Organics, USA) or concentrated hydrochloric acid (LabChem, USA). Chromophoric dissolved organic matter was extracted by solid phase extraction onto C 18 resin (Aldrich, Supelco) after the method of Armador et al. (21) . Prior to use, the C 18 packing was washed and conditioned (per 160 g of material) with 800 mL hexane, 800 mL acetone, 800 mL methanol, 800 mL high purity low carbon water, 400 mL 0.1 M HCI, high purity low carbon water until pH neutral, 400 mL methanol, and finally air-dried for storage until used in the CDOM extractions. Following seawater extraction, the column was washed with 40-80 mL of high purity low carbon water to remove excess salts and the CDOM eluted with 100 mL of HPLC grade methanol (Fisher Scientific, USA) followed by 100 ml of 11.2 N NH 4 OH (Fisher Scientific, certified ACS). The methanol was evaporated to dryness under vacuum to produce a yellow-brown solid. A small, 1-3 mL, volume of methanol was used to redissolve the material, which was then briefly centrifuged to remove particulates (undissolved salts). The ammonium hydroxide fraction was not characterized in this study.
We analyzed several different types of sample blanks to monitor the presence of contaminants in our samples, and to determine if specific CDOM components could be introduced by contamination. Solid phase extraction columns packed with C 1 8 resin were taken into the field, returned to the laboratory and processed as samples. We also filled sample containers with artificial seawater made from combusted (450'C, overnight) salts and low carbon, deionized (Milli-Q) water. These blanks were processed in an identical manner to samples, using the same equipment, resins, acids, and solvents as our samples.
Blanks contained very low levels of CDOM (<1% of sample amounts) which, when analyzed by HPLC yielded compounds with different retention times and UV spectra than CDOM components reported in this study.
UV-Vis absorbance spectra of total methanol extracts and HPLC purified compounds were acquired in methanol on a HP8452A diode array spectrophotometer. (Fig. 4) . The IHNMR spectrum is similar to 2,4-dichlorobenzoic acid in the presence of a 2Hz doublet, 2 and 8
Hz doublet of doublets and an 8 Hz doublet, but the spectrum does not correspond to the I HNMR spectrum of either 3,4-dichloro-or 2,5-dichloro-benzoic acids in DMSO. There was insufficient sample of unknown peak 2 for GC/MS analyses, and we therefore only make a preliminary assigmnent as a dichlorobenzoic acid. suggests an arrangement of functional groups similar to probably 2-chloro-4-(3',4',6' or 3',5',6'-trichloro)-phenyl-benzoic acid (Fig.2) . However, all such arrangements do not yield the appropriate symmetry to yield the para orientation inferred from the two proton singlet,. Insufficient material was available for GC/MS and this assignment is only tentative.
Unknown 4 appeared to elute as a mixture of at least two, unresolved peaks and was purified by further separation into three major compounds using a 15 cm C-18
column, but eluted with 50 mM ammonium acetate : acetonitrile (Fisher Scientific, HPLC Figure 5 . Separation of seawater unknown peak 4 by reverse phase HPLC using an ammonium acetate, methanol and acetonitrile gradient (gradient 2) and a C-18 column.
Seawater unknown 4A was separated from unknown 4B by reverse phase HPLC using a mixture of water, acetonitrile and methanol as described above (Fig. 5) . The similar chromatographic properties of unknown 4A to 4B suggests a close structural similarity, which was confirmed by spectral analyses. Purified unknown peak 4A had Figure 6 . Proton NMR spectra (in D 2 0) of unknown peaks 4A (top) and 4B (bottom) from the North Pacific Ocean sample. The spectra are referenced to water at 4.8 ppm.
We also isolated CDOM from oligotrophic marine sites in the North Pacific
Ocean near Hawaii and the North Atlantic Ocean at the Bermuda Biological Station.
Coastal seawater was further sampled sampled from Woods Hole, MA (Table 1) .
Ultraviolet-visible spectra of the methanol extracts for all samples show a logarithmic-like decrease in absorption with increasing wavelength, similar to whole seawater absorption spectra (4, 11). components by HPLC, which we purified for for structural characterization.
We quantified the amount of 2,4-dichlorobenzoic acid and tetrachloro-biphenyl carboxylic acids in our sample by calibrating our HPLC system with benzoic acid and adjusting for differences in molecular weight ( TCBCAs were measured in both surface and deep water samples, with total concentrations (2,4-DCBA +XTCBCAs) ranging from 1-9 pg/l ( Table 2 ). Using the concentration and extinction coefficient of 2,4-DCBA we calculate that this compound alone contributes 2% of the total CDOM absorption at 280 nm (UV-A/UV-B) in our Bermuda sample extracts. The NMR spectra of whole sample extracts (Fig. 10) show that 2,4-DCBA +YTCBCAs are only some of the substituted aromatic compounds present in seawater. The contribution of substituted aromatic compounds to CDOM absorption in the ultraviolet is therefore several times higher than the contribution from 2,4-DCBA +YXTCBCAs alone.
Of the compounds identified in this study, only 2,4-DCBA is a known anthropogenic product. This compound is used commercially in the production of pharmaceuticals, and is an impurity in some herbicides. Low concentrations of 2,4-DCBA measured in groundwater, rivers and lakes, have been attributed to anthropogenic contamination, as well as biological and photochemical degradation of anthropogenically produced polychlorinated biphenyls (PCBs) (22-26). However, 2,4-DCBA in some pristine waters has been attributed to direct biological production (27). Tetrachlorinated biphenyl carboxylic acids have not been previously reported as products of either anthropogenic production, or the degradation of PCBs.
Assuming the concentration of XTCBCAs averages 1 pg/1 (Table 1) for the upper 1800m of the global ocean, we calculate a global ocean inventory of approximately 300
MT for these compounds, over two orders of magnitude higher than the estimated 0.6-1.5
MT of PCBs that have been produced by commercial synthesis (28). Most of the global PCB inventory resides in terrestrial reservoirs, and estimates suggest only a few percent of anthropogenic PCB production has been transported the ocean. The global inventory of TCBCAs is therefore > 10,000 times the total marine inventory of PCBs.
Our estimate of the marine inventory for chlorinated aromatic acids is probably conservative, as either a higher average concentration (Table 2) analyzed by HPLC using the method described above for seawater samples.
The HPLC chromatograms for both the E. huxleyi is presented in Figure 11 .
CDOM from each culture was collected in six fractions. HPLC fractions 2, 4 and 5, which likely contained chlorinated aromatic acids, were further analyzed by 'HNMR spectroscopy (Figs. 12 and 13 was nearly identical to the 'HNMR spectrum of unknown peak 3 isolated from seawater.
Fraction culture fraction 4 had a two proton doublet at (7.42 ppm) in place of the two proton singlet at 7.47 ppm observed for the seawater unknown peak 3. The difference is due to the meta-vspara substitution of the protons on the TCBCA (Fig. 2 ). Culture fraction 5 was isolated by HPLC using ammonium acetate and methanol only, analogous to unknown peak 4 in the seawater analyses. Although the equivalent fraction from seawater (seawater unknown 4) can be further separated into at least three distinct compounds by HPLC using an ammonium acetate, methanol, water gradient, no Quantitative estimates of abundance of each of the compounds produced by our cultures wcre obtained using a 2,4-DCBA calibration curve (R 2 = .9991). Values of 2,4-DCBA and TCBCAs in culture media from E. huxleyi and I. galbana are presented in Table 3 . The blank culture revealed a peak with a retention time of 2,4-DCBA, although the identity of this compound was not confirmed by subsequent analyses. If 2,4-DCBA does occur in our blank culture the concentration is only 0.49pg/L, less than one percent of the concentrations found in the cultures. This indicates that culture CDOM concentrations are not greatly impacted by our processing methods, and that the chlorinated aromatic acids recovered in our analyses were biologically produced by algae or bacteria grown in culture. 
